. Although a genuine homolog of these two pro-(‫21ف‬ЊC-26ЊC) at which it is viable and fertile. Thermoteins has been found in the worm, OSM-9, it has only taxis behaviors allow animals to track to a preferred been shown to be required for olfaction, mechanosensatemperature. This is due to a basic memory that can tion, and olfactory adaptation, not for thermosensation last several hours and allows the animal to return to the at the physiological level (Colbert et al., 1997). optimal temperature or to avoid it if starved (Hedgecock A family of conserved genes playing a crucial role and Russell, 1975 
In Drosophila as well as in mouse, misexpression of Varela-Echavarria et al., 1996). Recently, it was found lim3 or Lhx3, respectively, is sufficient to redirect the motoneural axonal projection.
Here we present the expression and mutational analysis of the C. elegans ortholog of Lhx3 and Lhx4, ceh-14.
Results

ceh-14 Encodes a LIM Homeodomain Protein
The homeodomain of ceh-14 was previously cloned using degenerate oligonucleotides (Bü rglin et al., 1989). For further study, the genomic locus of cosmid XXF4 was sequenced. This contained the complete predicted open reading frame (ORF). The overlapping cosmid F46C8 has now been completely sequenced by the C. elegans genome project (C. elegans Sequencing Consortium, 1998; Figure 1A ). Using primers for the 5Ј and 3Ј ends of the ORF, a ceh-14 cDNA was isolated and used to screen and isolate full-length ceh-14 cDNA clones. These cDNAs confirmed that the gene is composed of 10 exons distributed over 5 kb ( Figure 1A) .
The putative protein product of 351 amino acids contains two LIM domains and a homeodomain typical for LIM homeodomain transcription factors ( Figure 1B GFP expression in the anterior was observed in the sensory neurons AFDL/R, in the interneurons BDUL/R, and in the asymmetrical interneuron ALA (Figures 2A conclude that the GFP reporter constructs and the immunolocalization reflect the bona fide expression patand 2B). The expression pattern of the GFP constructs was continuous from the late embryonic through all lartern of ceh-14 through larval and adult stages. In the tail region, ceh-14 is expressed in PVT, PVQL/R, val stages and maintained in adults. Both constructs show the same expression pattern. Larval and adult DVC, PVNL/R, PVWL/R, PVR, PHCL/R, PHAL/R, and PHBL/R. expression of CEH-14 protein in AFDL/R and BDUL/R was confirmed by immunolocalization ( Figures 2C and  2D , and data not shown) using the CEH-14-specific anticeh-14 Loss-of-Function Mutants are Athermotactic To investigate the function of ceh-14, a Tc1 transposon serum. One additional cell expressing CEH-14 was observed in the head, at a location consistent with that for insertion in intron 3 of the ceh-14 locus was isolated ( Figure 1A) . Two deletions were derived from this inser-ALA (data not shown). The staining was always nuclear, as expected of a DNA-binding transcription factor. We tion, called ceh-14(ch1) and ceh-14(ch3). ceh-14(ch1) Figure 1A ). The full-length taxis, osmotic avoidance, pharyngeal pumping, egg laying, coordination, touch response, and thermotaxis, construct was able to rescue ceh-14(ch3) animals, whereas pHK-107 was not ( 
AFD. No change in GFP expression level was observed (data not shown).
Next, we generated transgenic lines with a gcy-8::gfp reporter construct, which is expressed in the entire AFD cell body and therefore constitutes an ideal marker (Yu et al., 1997). The reporter construct did not reveal any defects in AFD in either wild-type or ceh-14(ch3) background. The typical overall morphology was not changed and the axonal loop was always present (White et al., 1986), as judged by light microscopy ( Figure 3A) . The only postsynaptic partner of AFD is the interneuron AIY (White et al., 1986). Requirement of postsynaptic influence for correct axon formation was tested by analyzing AFD axon morphology in ttx-3(ks5) mutants using the gcy-8::gfp reporter. ttx-3 encodes a LIM homeodomain transcription factor that is required for correct neurite morphology in AIY (Hobert et al., 1997). No defects in AFD axon morphology were detected in either ttx-3(ks5) or ceh-14(ch3) ttx-3(ks5) mutants (data not shown). Thus, ceh-14 and ttx-3 are not involved in pre-and/or postsynaptic pathways regulating AFD axonal outgrowth. However, we cannot exclude subtle defects that are difficult to visualize by light microscopy.
The dendritic endings of the AFD neurons constitute a great increase in surface area and might be important for correct thermosensation. In fact, electron microscopy of serial sections of ttx-1 mutants (which are cryophilic) showed that they lack this typical structure (Perkins et al., 1986). We analyzed whether ceh-14 is required for correct formation of the AFD dendritic fingers using electron microscopy of serial sections. Eight ceh-14(ch3) young adult animals were sectioned at the level of the dendritic endings (around 5 m from the tip of the nose). The endings were present in 14 out of 16 AFD cells analyzed and showed a generally normal morphology ( Figure 3C ). However, measurement of the diameter of the dendritic fingers revealed that in ceh-14(ch3) mutants the mean diameter is 17 nm, whereas in wild-type animals the finger-like projections measure 10 nm ( Figures 3C-3E ). In contrast, the number of fingers is reduced by about 25% in ceh-14(ch3). Thus, there is little change in the overall surface area, but fewer fingers are formed, indicating that structural or functional molecules within the fingers are missing or altered. This supports the notion that molecules located in the fingers play an important role in thermosensation, although the presence of fingers per se is not sufficient for proper thermosensation. wild-type animals were measured.
Mori and Oshima (1995). Thus, this simple three neuron thermosensory circuit is specified by a distinct three-LIM homeodomain factor system or code. Mori and Oshima also proposed a possible minor role of the AIB interneurons. We genetically analyzed the thermotaxis behavior of multiple mutants using the three alleles ceh-14(ch3), ttx-3(ks5), and lin-11(n389). In ceh-14 ttx-3 double mutants a similar amount of animals are athermotactic compared to ceh-14 (Table 1) , but none retain normal behavior. The remainder are either cryophilic or intermediate in these double mutants. In ceh-14 lin-11 double mutants most animals are thermophilic like in lin-11, but the proportion of athermotactic animals has reached almost ceh-14(ch3) levels (Table 1 ). In ttx-3 lin-11 double mutants the phenotype is rather similar to ttx-3 alone; thus, ttx-3 can be considered to be epistatic to lin-11 (Table  1) . Notably, like the laser ablation experiments (Mori and Ohshima, 1995), an unusually large proportion of the animals failed to move, possibly the consequence of conflicting downstream signals, which results in paralysis rather than athermotaxis. Similar to the ttx-3 lin-11 double mutants, the ceh-14 ttx-3 lin-11 triple mutants are mainly cryophilic, while the paralysis was partially rescued. This is surprising since one would have expected that impairment of AFD, AIY, and AIZ would result in athermotactic behavior. Our experiments show that even if the key thermosensory circuitry is genetically removed, the animals tend to move to cold, although they do not perform isothermal tracking. adapted for 1 hr to 50% 2-nonanone. Only the line marked with an (cryophilic) and ceh-14(ch3) (athermotactic) from wild type (N2). The asterisk (more similar to the control) shows a significant difference right part shows thermotaxis indexes of five independent transgenic from wild type (N2) or ceh-14(ch3), which is also wild type for lines that misexpress ceh-14 in AWB using the str-1 promoter. The 2-nonanone avoidance.
Ectopic Expression of ceh-14 in Chemosensory
We ectopically expressed the ceh-14 cDNA fused to not affected. These experiments show that ceh-14 is sufficient to confer thermosensory qualities to amphid gfp using either the odr-10 or the str-1 promoter in cehcells that are not thermosensory. 14(ch3) mutant backgrounds. The transgenic lines were examined for correct expression in AWA or AWB using fluorescence microscopy. In both cases, ectopic exDiscussion pression was present and was localized to nuclei as expected ( Figure 4B, and data not shown) . The animals ceh-14 Is Required for Correct that ectopically express ceh-14 were not able to perform AFD-Mediated Thermotaxis isothermal tracking on a radial gradient (data not shown).
Among several other neurons, the LIM homeobox gene This is probably due to the different synaptic connectiviceh-14 is expressed in the AFD thermosensory neurons. ties of AWA and AWB, which are different from those A large proportion of the ceh-14 null mutants are atherof the AFD thermosensory system and therefore cannot motactic ( 1995; Figure 4A ). The athermotactic behavior may not With this assay, we obtained significant and reproducbe a consequence of lack of information but may rather ible differences of thermotaxis indexes between N2, ttxbe caused by conflicting signaling from AIY, AIZ, and 3(ks5), and ceh-14(ch3) populations ( Figure 4C , 1998; Thor et al., 1999) . We show that in C. elegans the key thermosensory circuit consisting of AFD, AIY, and AIZ is specified by three LIM homeobox genes. We propose that LIM homeobox gene codes are conserved in evolution and that they function in multiple systems, although not always in a combinatorial fashion.
The most striking finding of our genetic analysis of the thermosensory circuit was that none of the double or triple mutants were able to suppress thermotaxis completely. The summary in Figure 5A shows that the triple mutant displays a phenotype similar to that of the laser ablation of AFD. We assume these two phenotypes to be related since both completely uncouple AFD from the motor output and therefore constitute a complete loss of AFD function, even though ceh-14(ch3) is not a fully penetrant AFD function switch, and it may still work weakly through AIB ( Figure 5A We showed that ceh-14 is required for correct thermotaxis mediated by AFD. To test whether ceh-14 is suffiAn alternate hypothesis is that ceh-14 regulates a memory function rather than thermosensation. This is cient, we misexpressed ceh-14 in AWA and AWB, because they share some morphological features with AFD not very likely since the memory function is clearly integrating food information with thermal input. Such a ( Figure 3B ), and they also share partially downstream interneurons ( Figure 4A ). Ectopic expression in a cehmemory function is more likely to reside in interneurons, since they are supplied with information from several 14 mutant background was able to confer thermotactic behavior to populations of athermotactic animals in the sources. AIY has been already hypothesized to be a possible memory-mediating interneuron (Hobert et al., case of AWB, but not in AWA ( Figure 4B ). It is not surprising that not all neurons are competent for particular 1997). 
